A parametric study of base-isolated structure with different isolation systems is conducted for investigating the effects of superstructure flexibility. The superstructure is idealized as a one-storey structure isolated by different systems such as elastomeric bearings (with and without lead core) and sliding systems. The governing equations of motion of the isolated structural system are derived and the response of the system is obtained for stochastic model of earthquake ground motion. The earthquake ground motion is modeled as a uniformly modulated non-stationary random process. The stochastic response of isolated structure is obtained using the state variable approach. An equivalent linearization technique is used for the approximate response of isolated structure with non-linear isolation systems. The mean square superstructure acceleration and bearing displacement of the system are plotted under different system parameters and compared with the corresponding response of rigid sup erstructure condition to study the influence of superstructure flexibility. The comparison of response is made under various isolation system parameters (i.e. isolation period, damping, yield strength of elastomeric bearings and friction coefficient of sliding systems). It is observed that the bearing displacement can accurately obtained by modelling the superstructure as a rigid body in a base-isolated structure. However, such approximation may under-estimates the superstructure acceleration under certain conditions.
Introduction
Seismic isolation is an old design idea, proposing the decoupling of a structure or part of it, or even of equipment placed in the structure, from the damaging effects of ground accelerations. One of the goals of the seismic isolation is to shift the fundamental frequency of a structure away from the dominant frequencies of earthquake ground motion and fundamental frequency of the fixed base superstructure. The other purpose of an isolation system is to provide an additional means of energy dissipation, thereby reducing the transmitted acceleration into the superstructure. This innovative design approach aims mainly at the isolation of a structure from the supporting ground, generally in the horizontal direction, in order to reduce the transmission of the earthquake motion to the structure.
A variety of isolation devices including elastomeric bearings (with and without lead core), frictional/sliding bearings and roller bearings have been developed and used practically for aseismic design of buildings [1] [2] [3] . The laminated rubber bearings (LRB) base isolation system is the most common system consisting of alternate layers of rubber and steel plates [4] . To achieve high damping and initial rigidity a lead core is inserted in the LRB bearings known as the lead-rubber bearings which are widely used in New Zealand and are also referred as N-Z system [5] . A significant amount of the recent research in base isolation has focused on the use of frictional elements to concentrate flexibility of the structural system and to add damping to the isolated structure. The most attractive feature of the frictional base isolation system is its effectiveness for a wide range of frequency input. The other advantage of a frictional type system is that it ensures the maximum acceleration transmissibility equal to the maximum limiting frictional force. The simplest sliding system device is pure-friction (P-F) system without any restoring force [6] . The sliding systems with restoring force include: the resilient-friction base isolator (R-FBI) system [7] , Electricite de France (EDF) system [8] , the friction pendulum system (FPS) [9] , and the elliptical rolling rods [10] . Since the flexibility in the base-isolated structure is mainly concentrated in the isolation system, as a result, the response of baseisolated structure is investigated by modeling the superstructure as flexible [6, [10] [11] [12] [13] as well rigid [7, 14, 15] . The response of a base-isolated structure with rigid superstructure is quite simple (i.e., response analysis of a single degree-of-freedom (SDOF) system). However, it will be interesting to compare the response of a baseisolated structure with superstructure modeled as rigid and flexible to study the influence of superstructure flexibility.
Here-in, a comparison of the stochastic earthquake response of base-isolated structure with superstructure modelled as rigid and flexible is presented to study the effects of flexibility of the superstructure. The earthquake ground motion is considered to be non-stationary random process and the response of structure with different isolation systems is obtained using the state variable approach. In addition, a parametric study is also conducted to investigate the influence of important parameters on the difference of response of base-isolated structure with superstructure modelled as rigid and flexible.
Model of base-isolated structure
Consider a two mass structural model of a multistory building, as shown in Fig. 1(a) which had been widely considered in the past for the study of baseisolated structure [6, 13, [16] [17] [18] . The mass m is intended to represent the superstructure of the building and m b the mass of the base floor above the isolation system. The building is assumed to have the linear forcedeformation behaviour with viscous damping. The structural stiffness and damping are represented by k s , c s and the base mass by m b . The superstructure and base mass can be completely be characterised by the three parameters, namely, T s , ξ s and γ defined as
Consider the model of a base-isolated structure in which the superstructure is considered as a rigid body as shown in Fig. 1(b) . In this model, the entire mass of the building is supported by the isolation system, as a result, it can be idealized as a SDOF system. A comparison of the response of two models will provide the influence of superstructure flexibility on the response of isolated structures. It is to be noted that the analysis of base-isolated structure with rigid superstructure has advantage in which a SDOF system is only to be analysed which is much simpler than the corresponding model with flexible superstructure.
Model of earthquake excitation
The earthquake excitation is considered as a uniformly modulated stationary Gaussian random process with zero-mean. The earthquake acceleration,ẍ g (t) is expressed as
where A(t) is the deterministic modulating function; andü(t) is the stationary random process. The deterministic modulating function A(t) of Eq. (4) is considered to be as shown in Fig. 2 from Reference [19] . This modulating function is expressed as
where t 1 and t 2 denotes the time for start and end of strong motion duration, respectively; c is a constant; and T 0 = t 2 − t 1 is known as strong motion duration of earthquake. The evolutionary power spectral density function (PSDF) of the earthquake excitation is given as
whereü f (ω) is the stationary PSDF of the earthquake ground motion. In the present study, the PSDF of the earthquake excitation is considered as that suggested by Clough and Penzien [20] i.e., where S 0 is the constant PSDF of input white-noise random process; and ω g , ξ g , ω f and ξ f are the ground filter parameters.
The ω g and ξ g generally represent the pre-dominant soil frequency and damping ratio. For the present study, the values of various parameters considered are: ω g = 15.6rad/sec, ξ g = 0.6, ω f = 1.5 rad/sec, ξ f = 0.6 and S 0 = 0.05 m 2 /sec 3 which represent earthquake ground motion in a firm soil [20] . The variation in the PSDF of with these parameters is shown in Fig. 3 .
Note that the state variable method for stochastic response of any system requires that the excitation must be either white-noise or shot-noise whereas the PSDF ofü f (t) is a non-white random process. However, this obstacle can be circumvented by introducing the shaping filters in which the random process,ü f (t) can be considered as the response of two linear filters subjected to white-noise excitation as whereü 0 (t) is the input white-noise random process with constant intensity of the PSDF as S 0 . Note that the Eqs. (8) and (9) provide the stationary PSDF of the responseü f (t) as that expressed by the Eq. (7).
Governign equations of motion
The equation governing the motion of the superstructure mass to earthquake excitation is expressed as
where x is the displacement of the superstructure relative to ground; x b is the displacement of the base mass relative to the ground; andẍ g is the earthquake ground acceleration expressed by Eq. (4).
The equation of motion of the base mass is expressed by
where F b is the restoring force of the isolation system.
The corresponding governing equation of motion of the isolated rigid superstructure as shown in Fig. 1 
Substituting for c (11) from Eq. (10), the Eq. (11) reduces to
whereẍ r =ẍ −ẍ b is the acceleration of the superstructure relative to the base mass. By comparing the Eqs (12) and (13), there is a difference of the term mẍ r in the governing equation of motion of the base mass when the superstructure is idealized as rigid and flexible. Since the superstructure of the base-isolated buildings is relatively stiff in comparison to the isolation system, as a result, the relative displacement, x r approaches to zero which justifies the analysis of base-isolated structure with rigid superstructure.
The restoring force, F b depends upon the type of isolation system considered and for various types of isolation systems it is described below.
Laminated rubber bearings
The LRB system is the most common isolation system consisting of alternate layers of steel and rubber plates. The dominant features of LRB system are the parallel action of linear spring and damping. Generally, the LRB system exhibits high-damping capacity, horizontal flexibility and high vertical stiffness. The LRB system is modeled by linear force-deformation behaviour with viscous damping. The restoring force is expressed by
Where c b and k b are the damping and stiffness of the LRB system, respectively. The most convenient way to determine the response statistics of base-isolated structure is by using the state variable formulation. The Eqs (10) and (11) along with Eqs (4), (8) and (9) can be re-written as a system of first order stochastic differential equations as
where
The augmented response vector {Y } is a Markov process and the corresponding covariance matrix [V ] satisfies [21] the following differential equation
where the elements of the matrix [P ] and [V ] are given as
where E is expectation operator. The corresponding matrices {Y }, [H] and {F } for a rigid superstructure isolated by the LRB system are expressed by
The elements of the matrix [P ] are P ij = 0 except the P 88 for flexible superstructure and P 66 for rigid superstructure which are equal to 2πS 0 . The non-stationary response of the system (i.e., [V ] matrix) is obtained by solving the moment Eq. (19) . The augmented system matrix, [H] is time dependent through the introduction of the modulating function, A(t). Therefore, the Eq. (19) is solved numerically based on step-by-step method using fourth order Runge-Kutta method.
N-Z system
The N-Z system provides additional hysteretic damping through the yielding of the lead core. The hysteresis loop of a bearing is generally modelled by bi-linear force-deformation behaviour expressed by the Wen's equation [22] . The restoring force is expressed by
where c b is the viscous damping of the bearing or the damping provided by additional viscous dampers; k b is the initial stiffness of the bearing; α is an index, which represents the ratio of post to pre-yielding stiffness; F y is the yield strength of the bearing; and Z is a non-dimensional hysteretic component satisfying the following non-linear first order differential equation, which is expressed [22] as
where q is the yield displacement of the bearing; β, τ and A are non-dimensional parameters of the hysteresis loop. The parameters α, β, τ , A and n control the shape of the loop and are selected such that predicted response from the model closely matches with the experimental results.
The Eq. (26) is a non-linear equation, which cannot be used when the response is to be evaluated using state variable approach. Thus, the Eq. (26) is replaced by equivalent linear equation [23] as
where C e and K e are the equivalent constants which are obtained by minimizing the mean square error between the linear and non-linear terms. For n = 1, the equivalent constants C e and K e are given by
The stochastic response of the system can be obtained by the state variable method by solving the corresponding moment equation similar to Eq. (19) . The corresponding state vector, {Y } will be {x,ẋ,
for rigid superstructre). It is to be noted that the non-linear phenomenon of the N-Z system still exists due to dependence of equivalent constant C e and K e on the elements of the [V ] matrix of the system (refer Eqs (28) and (29)). However, this is taken care by modifying the C e and K e in each time step depending upon the response of the system.
Sliding Systems
The restoring force for the sliding system is expressed by
where c b and k b are the damping and stiffness of the sliding system; and F x is the frictional force in the sliding system. If it is assumed that the system remains most of the time in the sliding phase than the friction force can be expressed as
where µ is coefficient of friction of the sliding system which is assumed to be independent of the relative sliding velocity.
Note that the F x is non-linear and is replaced by the equivalent linear term as
and
where σẋ b is the root mean square (RMS) velocity of the base mass. The stochastic response of the isolated structure with sliding system can be obtained by the similar approach as described for the LRB and N-Z systems.
System parameters
The superstructure of the isolated structural system requires the specification of two parameters namely, the fundamental time period of the superstructure with fixed base (T s ) and the damping ratio of the superstructure (ξ s ). The base mass can be designed by the specification of the parameter mass ratio (γ). For the present study, the superstructure damping and mass ratio are held constant as these parameters does not have significant effects on the response of the isolated structure. The values taken are ξ s = 0.02 and γ = 0.5 which are widely used in the past [6, 11, 17] . The fundamental time period of the structure, T s is varied between 0.1 to 1 sec (typical fundamental time period of 1 to 10 storey building) for which the base isolation is effective.
The isolator parameters for the structure isolated by the LRB system requires the specification of the parameters such as the period of base isolation (T b ) and the damping ratio of the bearing (ξ b ) which are defined as between Eqs (34) and (35).
The N-Z system is generally designed to specified values of three parameters namely: the isolation period, T b , the damping ratio, ξ b and the normalized yield strength, F 0 . The parameters T b and ξ b are obtained from Eqs (34) and (35), respectively based on the postyield stiffness of the N-Z system. The parameter, F 0 is defined as The other parameters of the N-Z system are the yield displacement level of the bearing (q), and the parameters of hysteresis loop of the bearing such as β, τ , A and n. However, these parameters are held constant and values taken are: q = 25 mm, β = τ = 0.5, A = 1 and n = 1 which are typical values used in the past. The stiffness and viscous damping of the sliding system are evaluated to provide the required values of the parameters isolation period, T b , damping ratio, ξ b (refer Eqs (34) and (35)). Thus, the sliding system requires the specifications of the three parameters namely the T b , ξ b and µ.
Numerical study
The response of both flexible and rigid superstructure isolated by different isolation systems to non-stationary earthquake motion is investigated. The non-stationary response of the system is obtained by solving Eq. (19) for different isolation systems and superstructure conditions. The PSDF function of the ground motion is considered as shown in Fig. 3 . However, the effect of ω g (i.e. predominant soil frequency) on the response of structure is studied separately. The response of the system is investigated for two types of modulating functions (as given in Fig. 2 and expressed by Eq. (5)) namely (i) t 1 = 2.5 sec, t 2 = 7.5 sec and c = 0.5sec −1 and (iii) t 1 = 2.5 sec, t 2 = 12.5 sec and c = 0.5sec −1 . These modulating functions are referred as type -I and -II which has the strong motion duration, T 0 as 5 and 10 sec, respectively. In addition, the response is also investigated for A(t) = 1 for all values of t (this corresponds to a stationary earthquake ground motion) in order to distinguish between the stationary and non- stationary response of the base-isolated structures. For the base-isolated structure the response quantities of interest are the RMS absolute acceleration of the superstructure and the relative base displacement. The absolute acceleration is directly proportional to the forces exerted in the superstructure due to earthquake ground motion. On the other hand, the relative base displacement is crucial from the design point of view of the isolation system.
In Fig. 4 , time variation of the RMS superstructure acceleration and base displacement of the structure isolated by the LRB system with T b = 2 sec and ξ b = 0.1 is plotted. The response is shown for considering the superstructure to be rigid as well as flexible (i.e. T s = 0.5 sec, ξ s = 0.02 and γ = 0.5) for different types of modulating functions. It is observed from the figure that the stationary response is achieved in a very short time (i.e. about 5 sec). In addition, the peak RMS response under non-stationary ground motion is the same as that of the stationary response. This happens mainly due to large damping in the base-isolated structure. Thus, the stochastic earthquake response of the base-isolated structures can be obtained by considering the stationary model of earthquake ground motion with appropriate frequency variation of PSDF function and intensity.
Further, the Fig. 4 also indicates that the RMS base displacement obtained under the rigid and flexible superstructure condition are almost identical implying that the rigid superstructure condition can be accurately used for predicting the bearing displacement. However, the RMS superstructure acceleration obtained with flexible superstructure is relatively higher than that obtained considering the rigid superstructure conditions. This is due to the fact that in flexible superstructure there is a contribution from the second mode of vibration towards the absolute acceleration of superstructure but this mode has little contribution towards the base displacement [16] . Thus, the superstructure acceleration may be under-estimated if the flexibility of superstructure is ignored and it is modelled as a rigid body. Similar effects of the flexibility of superstructure and modulating functions are depicted in Figs 5 and 6 for the response of the structure isolated by the N-Z and FPS systems, respectively. The parameters considered for the N-Z system are T b = 2.5 sec, ξ b = 0.1 and F 0 = 0.05 and for the FPS system the parameters taken are T b = 2.5 sec and µ = 0.05. Figure 7 shows the variation of the peak RMS response of the structure isolated by the LRB system against the time period of the superstructure, T s for different values of isolation period (i.e. T b = 2, 2.5 and 3 sec) and bearing damping ratios (i.e. ξ b = 0.1 and 0.3). The response for T s = 0 is also shown which represent the corresponding response of the rigid superstructure condition. The figure indicates that the RMS superstructure acceleration of the structure remains constant for increase of the superstructure time period upto a certain value (i.e. about 0.4 to 0.5 sec). However, increase in the time period beyond this value will increase the superstructure acceleration. Thus, the superstructure acceleration can be estimated accurately using the rigid superstructure approach if the superstructure time period is one-fifth of the isolation period. Further, the difference between the superstructure acceleration obtained by modelling the superstructure as flexible and rigid increa ses with the increase of the bearing damping. The RMS base displacement of the base-isolated Fig. 7 . Effects of the superstructure flexibility on the peak response of structure isolated by the LRB system. structure remains invariant for different time periods of the superstructure. This implies that the rigid superstructure approach can effectively used for evaluating the RMS base displacement of a base-isolated structure.
The variation of peak RMS superstructure acceleration and base displacement against the superstructure time period is shown in Figs 8 and 9 for the structure isolated by the N-Z and FPS system, respectively. The effects of the superstructure time period on the peak RMS response are similar to that observed in the Fig. 7 for the LRB system. However, the difference between the superstructure acceleration obtained by modelling the superstructure as flexible and rigid increases with the increase of the yield strength level of the N-Z system and coefficient of friction of the FPS system. This is expected because of the increase of these parameters the isolation system becomes relatively stiffer, as a result, the contribution to superstructure acceleration from its own flexibility increases.
So far the response of the isolated structure is obtained for fixed value of the pre-dominant soil frequency, ω g and it will be interesting to study the effects of ω g on the difference between the response of isolated structure with superstructure modelled as rigid and flexible. In Fig. 10 , the peak RMS superstructure acceleration and the base displacement of the structure isolated by different isolation systems are plotted against the soil frequency. It is observed from the figure that the RMS superstructure acceleration as well as base displacement decreases with the increase of ω g implying that the seismic isolation is more effective for firm or rock type soil than the soft soils. Further, the difference in the response between flexible and rigid superstructure modelling is not much influenced by the pre-dominant ground frequency. 
Conclusions
A comparison of the stochastic response of a baseisolated structure with superstructure modelled as flexible and rigid is made in the present study. The earthquake ground motion is modelled as non-stationary random process specified by the stationary PSDF function and modulating function. The various isolation system considered are the elastomeric bearings and the sliding systems. The effects of the superstructure flexibility on the response of base-isolated structure are investigated under important parametric variation. From the trends of the results of the present study, the following conclusions may be drawn:
1. The stochastic earthquake response of baseisolated structures can be obtained by considering the stationary model of earthquake ground motion with appropriate frequency variation of PSDF function and intensity instead of a nonstationary model. 2. The base displacement in a base-isolated structure obtained by modelling the superstructure as rigid and flexible are found almost identical for all isolation systems. Thus, the rigid superstructure condition can be effectively used for prediction of the bearing displacement in base-isolated structures. 3. The superstructure acceleration in a flexible superstructure obtained by modelling the superstructure as rigid is justified only for very stiff superstructures (i.e. for linear isolation systems the superstructure period should be less that one-fifth of the isolation period). 4. The superstructure acceleration of base-isolated structure will be under-estimated if the flexibility Fig. 9 . Effects of the superstructure flexibility on the peak response of structure isolated by the FPS system. of superstructure is ignored and it is modelled as a rigid body for all types of isolation systems. 5. The difference between the superstructure acceleration obtained by modelling the superstructure as flexible and rigid increases with the increase of the damping, yield strength level and friction coefficient of the isolation system. 6. The difference in the response between flexible and rigid superstructure modelling is not much influenced by the pre-dominant soil frequency.
